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Metallurgical equipment1. Introduction
An increase in the number of unpredictable failures in structures of metallurgical equipment is caused by their ageing,
nucleation and propagation of crack-like defects [1]. One of the methods for extending the life of metallurgical equipment is
using bimetallic structures [2]. This approach proved to be most advantageous for CBCM rollers, since bimetallic structures
allow decreasing the abrasive wear, increasing the resistance to impact loading and bending, and avoiding the unpredictable
failure of rollers due to bifurcation (blunting) of the crack on the separation boundary during its propagation from the roller
surface [3,4]. Such rollers are reground to a new repair size, cladded and can be used again [2]. However, the reuse of rollers
requires that they are subjected to a detailed ﬂaw detection procedure, since during propagation of the crack from the roller
base the latter may fail unexpectedly due to the ductile and fatigue growth of the crack. The main feature of the ductile
failure is the presence of dimples on the tear-off surface, the fatigue mechanism is determined by the presence of fatigue
striations, whose step equals roughly the rate of crack growth in the material [5,6].
For the purposes of fractodiagnostics an important role is given to the numeric evaluation of elements of the fracture
surface, since the latter allows establishing the main regularities in the growth of cracks during operation, ﬁnding out the
structural levels of crack nucleation and propagation, and further failure of the structure [7,8].
According to the well-known dependencies it is possible to state that, in case of the fatigue mechanism of failure, the most
informative feature is the distance between striations and their relation to the rate of damage accumulation processes in the
material [9]. Therefore, this investigation was aimed at establishing this relationship and studying its morphology and shape.* Corresponding author. Tel.: +380 352253509.
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Fig. 1. Scheme of cutting out bimetallic specimens for investigating the cyclic crack growth resistance (a) and measurement of fatigue striations (b).
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local distortions, sections of crack blunting, which lead to the appearance of local ‘‘ascends’’ and ‘‘descends’’.
The purpose of this work is to investigate experimentally the regularities in the fatigue crack propagation in bimetals at
different scale levels.
2. Research technique
Bimetallic prismatic specimens with a side notch cut from the CBCM roller produced by the off-centre casting with
pouring successive layers were used [3,4]. The direction of crack propagation was perpendicular to the separation boundary.
The FCG kinetics was studied on the base material of the bimetallic roller – steel 25Kh1M1F, Fig. 1. The loading frequency was
0.1 Hz, the loading cycle asymmetry coefﬁcient was R = 0, the loading cycle was of triangular and trapezoid shapes with the
hold time of 10 s under the maximum loading. The crack growth was determined visually on the preliminarily polished and
marked out specimen surface using the MBS-10 microscope.
The FCG rate in the bimetal was described by the Paris equation:
da
dN
 
F
¼ CKmmax; (1)
where C and m are the material parameters depending on the mechanical properties; Kmax is the largest stress intensity
factor (SIF) of the bimetallic specimen with a crack.
S ¼ C0ðKmaxÞn
0
; (2)
S = L/n, where L is the length of the analysed section of the fracture zone; n is the number of striations on the analysed section.
For the numeric analysis at least 15–20 striations of the predetermined length were measured. Deviations of local fatigue
striations from the direction of the crack macrofront propagation were taken into account [9].
dai ¼ dli cos ui; (3)
where u is the angle of the striation deviation from the direction of the macrocrack propagation.
If we consider the step of the striation dli as a crack growth over one loading cycle, the relationship between the macro-
and microrate, which takes into account the striation orientation, will be as in [9].
da ¼
Pk
1 dai
K
¼
Pk
1 dli cos ui
K
; (4)
By introducing the averaged value of the microrate of the crack growth instead of its running value we can determine the
macrorate of the fatigue crack growth taking into account the step of fatigue striations and the spatial orientation of their
propagation.
da
dN
¼ dl¯
dN
Pk
1 cos ui
K
  !
: (5)
3. Macroregularities in crack propagation
Kinetic diagrams of fatigue failure of bimetallic specimens are shown in Fig. 2. The obtained regularities are described
satisfactorily by the Paris equation. It is found that 10 s hold under the maximum loading (trapezoidal cycle) increases the
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Fig. 2. Kinetic diagrams of fatigue failure of the specimen (a) and comparison of macro- and microrates (b); 1,3 – triangular and 2,4 – trapezoidal loading
cycles; (3,4 – step of fatigue striations).
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data is greater than at the triangular cycle. This indicates a decrease in the orderliness of the fatigue crack growth.
The obtained differences in the macrocrack propagation were compared to the data on the microrate. The obtained results
are generalised in Fig. 3, and the deviation of the striation step (microrate) from the FCG macrorate was determined from
formula l = [(da/dNi0 Si)/da/dNi0]  100%), where da/dNi0, Si is the macro- and microrate of the crack propagation,
respectively. The off-orientation of fatigue striations is connected with the processes of deformation and failure, the presence
of inclusions, the orientation of grains relative to the loading area.
For loading cycles of both shapes, an increase in the striation step before Kmax = 40 MPa Hm was found, which
corresponds to an increase in the scale level of crack propagation and the FCG rate. In [10], the formation of striations is
linked to crack propagation under conditions of plane deformation, and the striation width indicates the length of the crack
microgrowth over one cycle.
However, in addition to the formation of striations, the mechanism of plastic shear acts in the material, which is
determined by local stresses in the vicinity of the crack tip and causes an increase in the off-orientation of striations and the
formation of local plastic separation zones.
4. Analysis of the shape and step of fatigue striations
At Kmax = 20 MPa Hm, the striations were clear-cut, the intervals between them were formed due to the fatigue growth of
a crack. The formation of the fracture surface took place in the quasi-brittle manner, the front of striations is clear-cut, and
the fracture relief is ‘‘planer’’ than at the following stage. This type of striations can be considered as shear striations, the step
of their propagation within the analysed microsections is practically constant.
At Kmax = 40 MPa Hm, a curvature of the striations front in the direction of crack propagation was found, which indicates
the direction of the material deformation at the microlevel. Moreover, the circular shape of striations and a signiﬁcant
number of microcracks between them may testify to the local blunting of a crack and the active inﬂuence of
microdeformation processes at the crack tip [11]. It is known that the fatigue crack growth takes place under the alternation
between two processes. One of them is connected with the localisation of stresses at the crack tip during its partial arrest and
the other is linked to its further jump-like growth. The shape of the striation is the material response to the inﬂuence of this
mechanism. Proceeding from the above, we can state that striations propagate by the quasiductile mechanism, moreover,
the dispersion of their sizes increases [9].
Local changes in the width of fatigue striations are preconditioned mainly by the presence of non-metallic inclusions,
which are the centres of deformation and failure processes. The activation of turning mechanisms of deformation leads to an
increase in the number of sources of the initial defect accumulation and, accordingly, the scale of the elementary crack
growth act [11]. Some exfoliations oriented perpendicular to the crack propagation direction were detected, their formation,
as well as changes in the dislocation structure and the unbalanced condition of the thin pearlite structure during the
intensive deformation, is preconditioned by the nonuniform stress state of the given specimen zone [12].
5. Step of striations in the vicinity of the separation boundary
In the vicinity of the separation boundary of the bimetal, the step of striations differs from the macrorate. The step of
striations is 60% lower than the macrorate, which is connected with the nonuniformity of the stress–strain state of the
material in this zone of the specimen. Moreover, a signiﬁcant effect is caused by the local curvature of the separation
boundary and the nonuniformity of the adhesive properties of the bimetal in this zone. Fig. 4 shows the fracture zone of the
Fig. 3. Sections of the bimetallic specimen fracture surface: (a and b) fatigue striations; (c and d) mixed mechanism (dimples + striations); (e) multiple
transverse cracks.
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propagated by the fatigue mechanism, while in steel 15Kh13MF it grew by the mechanism of quasispalling. So, the
nonuniformity of the stress–strain state of the specimen changes the mechanisms of crack propagation at the macrolevel
[13].
6. Structural levels of deformation development during crack growth in the bimetal
The analysis of the obtained results allows dividing the whole period of fatigue failure of the bimetallic specimen into
three structural levels (Fig. 5).
Fig. 4. Fractographic image of the fracture zone of the bimetallic specimen (a) and local cracks in the vicinity of the separation boundary (b) (the crack
propagation direction is indicated with an arrow).
Fig. 5. Structural levels and stage-like nature of propagation of the fatigue crack in the bimetal: (a) microlevel; (b) mesolevel; (c) macrolevel.
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determinable inﬂuence on the distribution of strains and microstresses is caused by the texture and shape of grains. The
enhancement of dislocations density occurs in grains of the material, which is preconditioned by the intense cyclic
deformation. At the same time, relaxation processes connected with the intragranular slippage develop in the material. It
is shown in [14] that sliding takes place in a jump-like manner after a certain number of loading cycles. Except for the
intragranular sliding, the processes of twinning, grain fragmentation, nucleation of deformation bands are observed.
Further cyclic loading causes the formation of sliding bands within the grain and a transition of the process to a higher
structural level. So, the processes of cyclic deformation of the material at the microlevel consist in transition from the
chaotically spread microstrains to the ‘‘orderly’’ process of shape modiﬁcation in grains.(2) Mesolevel: cyclic deformation causes the intensiﬁed accumulation of the irrevocable structural damage. These processes
result in the shear of grain conglomerates, which is connected with the redistribution of strains and relaxation processes
in individual sliding bands. The crack propagates in the direction of the optimal orientation of grain conglomerates near
the boundaries between deformation shears due to the relaxation of stresses by means of separation of the material
fragments [15]. The crack growth is accompanied by sliding bands that acquire the curvilinear shape of the open arcs,
which often interact with the separation boundary of the bimetal leading to the distortion of the plastic zone shape. An
increase in the number of deformation cycles and the presence of the stress gradient near the separation boundary of the
bimetal causes the occurrence of nonuniform deformation shears in the vicinity of it. Cyclic deformations of grain
conglomerates intensify the processes of loosening and lowering of strength characteristics in the vicinity of the crack tip,
which preconditions a transition of the process to a higher (macro-) level [11].(3) Macrolevel: the interaction takes place between the plastic zone and the surface of the bimetal, which propagates into
steel 15Kh13MF. The plastic zone acquires the form of the coalesced adjacent semiellipses. Since steel 15Kh13MF has
lower mechanical properties than those of steel 25Kh1M1F, the plastic yielding of the material near the separation
boundary occurs under less compressed conditions than at the mesolevel. The propagation of the plastic zone through
the separation boundary causes the occurrence of the plastic hinge in this zone and the crack penetration by the
Table 1
Structural levels, peculiarities and mechanisms of deformation and failure of the bimetallic specimen 25Kh1M1F/15Kh13MF.
Scale level of
the process
Deformation regularities Failure mechanisms
1. Micro Deformation processes are localised in grains, thin sliding
bands are formed. Under a signiﬁcant cyclic loading the sliding
acquires a multiplet and nonuniform character.
Under plane deformation the crack grows by the striation
mechanism with the formation of a typical stepwise-shear relief.
2. Meso Intensiﬁed formation of sliding bands due to their interaction
with the separation boundary of the bimetal. This causes the
localisation of strains in the vicinity of the separation boundary
and the accumulation of damage in the gross cross-section of
the specimen.
The crack grows by the mixed mechanism, in which the sections
with fatigue striations alternate with singular manifestations of
the cup-shaped relief. The formation of the cup-shaped fracture is
caused by the accumulation of dislocations in the vicinity of
individual inclusions and further plastic yielding of the material.
In this case, ductile mechanisms are intensiﬁed with an increase in
the crack length.
3. Macro Involvement of large material volumes in the deformation
process with the transition of the process to another part of the
bimetallic specimen. Intensiﬁcation of the deformaiton process
by the plastic hinge scheme. A degree of plastic deformation
increases with an increase in the crack length and reaches its
maximum value at the moment of the crack penetration into
the separation boundary.
The crack propagates by the ductile mechanism with the
formation of localised sections with fatigue striations. Near the
separation boundary, the nucleation of a large number of
microcracks oriented normally to the macrocrack front is
detected. A number of plateau-like sections are formed by the
‘‘shear + separation’’ scheme of deformation.
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where the fatigue crack behaviour near the separation boundary of the bimetal is investigated.
So, the stage-like nature of the fatigue crack propagation in the bimetallic specimen is determined by the scale of
localisation of the deformation processes at different scale levels. The generalisation of the deformation and failure
mechanisms is presented in Table 1.
7. Conclusions
The use of the fractographic analysis allowed revealing the main mechanisms of the fatigue crack propagation in the
25Kh1M1F/15Kh13MF bimetal. The correlation between the FCG micro- and macrorates is established. It is found that
failure of the material has a mixed character, due to which the sections with off-oriented striations surrounded by separation
ridges are formed in the fracture zone. It is established that the nonuniformity of plastic deformation in the vicinity of the
separation boundary causes deviation of the microrate (step of striations) from the crack macrorate in the bimetal. This is
caused by the intensiﬁed plastic deformation within this section, which, on the one hand, leads to the enhanced dislocations
density and faster exhaustion of plasticity (macrolevel), and, on the other hand, speeds up the crack growth at the
macrolevel.
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